We have investigated a signal transduction system proposed to allow Streptomyces coelicolor to sense and respond to changes in the integrity of its cell envelope. The system consists of four proteins, encoded in an operon: s E , an RNA polymerase s factor; CseA (formerly ORF202), a protein of unknown function; CseB, a response regulator; and CseC, a sensor histidine protein kinase with two predicted transmembrane helices (Cse stands for control of sigma E). To develop a sensitive bioassay for inducers of the sigE system, the promoter of the sigE operon (sigEp) was fused to a reporter gene conferring resistance to kanamycin. Antibiotics that acted as inducers of the sigE signal transduction system were all inhibitors of intermediate and late steps in peptidoglycan biosynthesis, including ramoplanin, moenomycin A, bacitracin, several glycopeptides and some b-lactams. The cell wall hydrolytic enzyme lysozyme also acted as an inducer. These data suggest that the CseB-CseC signal transduction system may be activated by the accumulation of an intermediate in peptidoglycan biosynthesis or degradationa. A computer-based searching method was used to identify a s E target operon of 12 genes (the cwg operon), predicted to specify the biosynthesis of a cell wall glycan. In low-Mg 2+ medium, transcription of the cwg operon was induced by vancomycin in a sigE-dependent manner but, in high-Mg 2+ medium, there was substantial cwg transcription in a sigE null mutant, and this sigE-independent activity was also induced by vancomycin. Based on these data, we propose a model for the regulation and function of the s E signal transduction system.
Introduction
As bacteria sense different microenvironments, they modify gene expression appropriately, and this adaptation can include changes that result in modification of the cell envelope. For example, the human pathogens Salmonella typhimurium and Pseudomonas aeruginosa modify the acylation state of lipid A (the major component of the cell surface lipopolysaccharide; LPS) in response to the host environment. These lipid A modifications cause a dramatic increase in resistance to vertebrate cationic antimicrobial peptides such as C18G and cause a decrease in the LPS-mediated host immune response (Guo et al., 1997; Ernst et al., 1999) . In both S. typhimurium and P. aeruginosa, modification of lipid A in response to the environment is mediated via the PhoQ/PhoP two-component system, which responds directly to decreased extracellular Mg 2+ concentration in the host. Bacteria must also have homeostatic mechanisms to monitor the integrity of their cell envelope and respond accordingly. One such mechanism came to light through analysis of the regulation of a b-lactamase gene (ampC) present in many Gram-negative bacteria, transcription of which is induced by the presence of extracellular b-lactam antibiotic. Jacobs et al. (1997) showed that the regulator of ampC transcription, AmpR, is inhibited by a cytoplasmic intermediate in peptidoglycan biosynthesis (UDPMurNAc-pentapeptide) and activated by a cytoplasmic intermediate in peptidoglycan degradation (anhMurNActripeptide; most muropeptides liberated from cell wall turnover are transported into the cytoplasm for recycling). Because the relative cytoplasmic levels of degradative and biosynthetic peptidoglycan intermediates are altered by exposure to extracellular b-lactams, the net result is the sensitive regulation of b-lactamase expression. Importantly, however, this sensing network appears to be maintained in species that do not have a b-lactam-inducible b-lactamase (e.g. Escherichia coli), suggesting that it must also function to monitor cell wall integrity and maintain a proper balance between peptidoglycan biosynthesis and degradation during 'normal' bacterial growth (Jacobs et al., 1997) .
Despite these examples, relatively little is known about the regulation of cell envelope homeostasis in bacteria, the types of bacterial cell envelope modification that occur in response to changes in the environment or the signal transduction pathways through which changes in the cell envelope lead to appropriate changes in gene expression in the cytoplasm.
We have been analysing a signal transduction system proposed to allow Streptomyces coelicolor to sense and respond to certain changes in the integrity of its cell envelope. The system consists of four proteins, encoded in an operon ( Fig. 1) : s E , an RNA polymerase s factor; CseA (formerly ORF202), a protein of unknown function; CseB, a response regulator; and CseC, a sensor histidine protein kinase with two predicted transmembrane helices (Cse stands for control of sigma E). sigE null mutants were extremely sensitive to cell wall hydrolytic enzymes and had an altered cell wall muropeptide profile, suggesting that sigE was required for normal cell wall integrity (Paget et al., 1999a) . Importantly, sigE mutants were sensitive to both muramidases (for example lysozyme) and amidases, which cut the polysaccharide backbone and the peptide side-chain, respectively, suggesting that the defect in the sigE mutant envelope allowed hydrolytic enzymes increased access, rather than specifically altering their target sites (Paget et al., 1999a) . In addition, sigE null mutants required millimolar levels of Mg 2+ or Ca 2+ for normal growth and sporulation and formed poorly sporulating, crenellated colonies that overproduced the antibiotic actinorhodin in their absence. Divalent cations are known to interact with a number of different components of the cell envelope, including the membrane, accessory polymers and cell wall-associated proteins, thereby altering its structure (Doyle, 1989) . In addition, Bacillus subtilis mutants lacking penicillin-binding protein 1 are known to require increased levels of divalent cations for growth (Murray et al., 1998) . It therefore seemed likely that divalent cations suppressed the phenotype of sigE mutants by stabilizing their defective cell envelope (Paget et al., 1999a) . Given that sigE mutants had an altered cell wall and that certain aspects of their phenotype were suppressed by Mg
2+
, it was suggested that the CseB/CseC two-component system responded to changes in the cell envelope (Paget et al., 1999b) .
Analysis of the activity of the sigE promoter in different mutant backgrounds was highly informative. The sigE promoter was inactive in a constructed cseB null mutant, such that cseB mutants lack s E , thus explaining why cseB and sigE mutants had the same phenotype (Paget et al., 1999b) . In contrast, the sigE promoter was substantially upregulated in a sigE null mutant, suggesting that the cell envelope defect in sigE mutants is sensed by CseC, which responds by attempting to increase the expression of sigE (Paget et al., 1999b) . Finally, most transcripts from the sigE promoter terminate immediately downstream of sigE, but about 10% read through into the downstream genes (Paget et al., 1999b) .
Here, we show that lysozyme and a wide range of structurally unrelated antibiotics with varied targets in the cell envelope induce the sigE signal transduction system and that this induction leads to the s E -directed expression of a putative operon of 12 genes likely to specify the biosynthesis of a species of cell wall glycan. Based on these data, we propose a model for the regulation and function of the s E signal transduction system.
Results

Cell wall-specific antibiotics and lysozyme induce the sigE signal transduction system
To develop a simple but sensitive bioassay for inducers of the sigE system, an ª 750 bp PvuII-SmaI fragment carrying the sigE promoter (sigEp) was cloned into the multicopy promoter probe plasmid pIJ486 (Ward et al., 1986) , such that expression of the vector aminoglycoside phosphotransferase gene (neo), which confers resistance to both neomycin and kanamycin, depended on sigEp. The resulting plasmid, designated pIJ6880, conferred resistance to 80 mg ml -1 kanamycin in S. coelicolor M600 (a plasmid-free derivative of the wild-type strain; Table 1) , resulting from the basal activity of the sigE promoter. To see whether the sigE promoter could be induced by antibi- Fig. 1 . Genetic organization of the sigE operon of S. coelicolor and the probe used for S1 nuclease protection assays. The ORFs are represented by shaded arrows, and the sigE promoter (sigEp) is marked by the solid arrow on the restriction map. The probe used for S1 nuclease protection assays of the sigEp transcript is shown below with the labelled 5¢ end indicated by an asterisk. The 750 bp PvuII-SmaI fragment used to create the sigEp-neo fusion plasmid pIJ6880 used in the bioassay is indicated above by the solid line. The DNA deleted in the DsigE in frame deletion mutant, J2130, and the DcseB::hyg mutant, J2142, is indicated. otics known to target the cell envelope, confluent lawns of spores of S. coelicolor M600 carrying pIJ6880 were spread on plates carrying a lethal concentration of kanamycin (100 mg ml -1 ), and potential inducers were applied on paper disks to the freshly spread plates. Inducers of sigEp raised the level of expression of the neo gene and hence induced a halo of kanamycin-resistant growth around the disk ( Fig. 2A) . A wide range of antibiotics that inhibit intermediate and late steps in peptidoglycan biosynthesis, including penicillins (e.g. penicillin G, amoxycillin, ampicillin, ticarcillin), cephalosporins (e.g. cefaclor, cephalexin), glycopeptides (e.g. teicoplanin, ristocetin, vancomycin, chloroeremomycin), a peptide (bacitracin), a phosphoglycolipid (moenomycin A) and a cyclic depsipeptide (ramoplanin), induced a halo of kanamycinresistant growth, whereas 'negative control' antibiotics that target the ribosome (e.g. thiostrepton, streptomycin) or DNA gyrase (novobiocin) did not. As glycopeptides appeared to be particularly effective in inducing the sigE signal transduction system ( Fig. 2A) , the sensitivity of the system was tested by spotting a serial dilution of ristocetin onto a bioassay plate; 75 ng was the smallest amount of this antibiotic capable of inducing a halo of kanamycinresistant growth (data not shown).
Given that a variety of structurally unrelated antibiotics with varied targets in the cell envelope induced the sigE signal transduction system, we used the bioassay to determine whether a cell wall hydrolytic enzyme such as lysozyme was also capable of acting as an inducer. A confluent lawn of spores of S. coelicolor M600 carrying pIJ6880 was again spread on plates carrying a lethal concentration of kanamycin (100 mg ml -1 ), and 5 ml samples of a twofold serial dilution series of lysozyme were spotted directly onto the plates. At the higher concentrations (1 mg ml -1 and 0.5 mg ml
), patches of lysozyme-induced kanamycin-resistant growth were observed (Fig. 2B ). To ensure that this induction was caused by the cell wall hydrolytic activity of lysozyme and not, for example, by a putative carbohydrate contaminant of the enzyme, the experiment was repeated after heat denaturation. No induction was seen with the heat-treated preparations.
The sigE promoter is transiently induced by vancomycin
Formally, it was possible that cell wall-specific antibiotics might induce a halo of kanamycin-resistant growth by decreasing the permeability of the cell envelope to kanamycin, rather than by inducing the sigE promoter. To exclude this possibility, and also to exclude any artifacts potentially associated with placing the sigE promoter on a multicopy plasmid, we monitored the response of the sigE promoter in its native chromosomal context to vancomycin, one of the cell wall-specific antibiotics used in the bioassay. Vancomycin was chosen because it appeared to be one of the strongest inducers of the sigE promoter in the bioassay, and because S. coelicolor is highly resistant to this antibiotic (see Discussion), so that induction could be assessed without the potential complication of lethality. The level of the sigE transcript was monitored in liquid cultures of S. coelicolor M600 at 10 min intervals after exposure to a subinhibitory concentration (10 mg ml approximately sixfold after 30 min exposure to vancomycin, but fell back almost to uninduced levels by 90 min (Fig. 3A ) (see Discussion for comment on the transient nature of the induction).
sigE promoter activity in cseB and sigE mutants We previously analysed the basal level of activity of the sigE promoter in its native chromosomal context in cseB and sigE null mutants using S1 nuclease protection analysis (Paget et al., 1999b) . Here, we re-examined this question using the sigEp-neo fusion plasmid, pIJ6880, and also examined the effects of these genetic backgrounds on vancomycin induction of sigEp in its native context using S1 nuclease protection analysis. Consistent with previous S1 nuclease protection data (Paget et al., 1999b) , pIJ6880 did not confer detectable levels of kanamycin resistance on the cseB mutant, J2142. Further, the sigE transcript was undetectable in the cseB mutant, even after exposure to vancomycin (Fig. 3B ), confirming that the sigE promoter is absolutely dependent on cseB (Paget et al., 1999b) . pIJ6880 conferred elevated levels of kanamycin resistance on a constructed DsigE null mutant (130 mg ml -1 in J2130 compared with 80 mg ml -1 in M600). Consistent with this result, the basal level of the sigE transcript before vancomycin induction was ª twofold higher in the DsigE mutant than in M600 (sigE + ). Despite the increased basal activity, the level of the sigE transcript was still inducible in the DsigE mutant, increasing approximately sixfold after 30 min exposure to vancomycin, resulting in higher induced levels of the sigE transcript in the DsigE mutant than in the wild-type strain (Fig. 3B ). The increased basal activity of the sigE promoter in a DsigE null mutant probably arises because CseC senses the cell wall defect in the sigE null mutant and responds by increasing the level of phospho-CseB in the cytoplasm in a futile attempt to increase expression of sigE and, hence, expression of the cell wall-related genes under s E control.
s E directs transcription of a putative operon of 12 genes likely to specify the biosynthesis of a cell wall glycan
The first s E -dependent promoter identified was hrdDp1 (Kang et al., 1997; Paget et al., 1999a) , one of two promoters of the hrdD gene, which itself encodes a s A B Fig. 2 . Bioassay for inducers of the sigE signal transduction system. Approximately 10 7 spores of S. coelicolor M600 carrying pIJ6880 were spread on 144 cm 2 square plates containing 100 mg ml -1 kanamycin. A. Response of the sigEp-neo fusion to cell envelope-specific antibiotics. Antibiotics were applied on 6 mm paper disks to the freshly spread plates. Inducers of the sigE promoter raised the level of expression of the neo gene and hence induced a halo of kanamycinresistant growth around the disk. Antibiotics that target the ribosome (thiostrepton, streptomycin) or DNA gyrase (novobiocin) served as negative controls (bottom row of the top plate). The amount of antibiotic in each disk is indicated. B. Response of the sigEp-neo fusion to lysozyme. A twofold dilution series of egg white lysozyme (from 1 mg ml -1 , as indicated) was spotted onto the plates immediately after plating. Fig. 3 . Induction of the sigE promoter (sigEp) in its native chromosomal context by vancomycin. A. S1 nuclease protection analysis of the sigE transcript in S. coelicolor M600 (wt) after induction with vancomycin. B. S1 nuclease protection analysis of the sigE transcript in S. coelicolor M600 (wt), J2130 (DsigE) and J2142 (DcseB::hyg) after induction with vancomycin. Strains were grown to mid-late exponential phase in NMMP liquid medium containing 2 mM MgCl 2 and exposed to 10 mg ml -1 vancomycin. RNA was extracted from samples taken immediately before the addition of vancomycin and at subsequent 10 min (A) or 30 min (B) intervals. The three panels in (B) are from the same autoradiograph and are therefore directly comparable. S1 nuclease protection assays were carried out as described in Experimental procedures. Relative signal strengths were quantified on a phosphorimager; each signal is expressed as a percentage of the strongest signal.
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6C5 and CDS 1-11 on the adjacent cosmid, 2G5; http://www.sanger.ac.uk/Projects/S_coelicolor/;
Figs 4 and 5A and B). The predicted functions of the enzymes encoded by this operon suggest that it specifies the biosynthesis of a cell wall glycan and, for this reason, we have named it the cwg operon (Fig. 4) . High-resolution S1 nuclease mapping ( Fig. 5B and C) showed that the putative -10 and -35 sequences identified by computer searching do indeed correspond to a bona fide promoter (cwgAp), and in vitro transcription using reconstituted s E holoenzyme confirmed that cwgAp is a direct biochemical target for Es E (Fig. 5D ). There is a 121 bp intergenic region between the first gene of the cwg operon (cwgA), encoding a putative dTDP-glucose dehydratase, and the second gene (cwgB), encoding a putative O-carbamoyl transferase. In contrast, the stop and start codons of cwgB to cwgL overlap in the 'ATGA' or 'GTGA' manner, suggesting that they may be co-transcribed and translationally coupled (Fig. 4) . To determine whether there was a promoter lying between cwgA and cwgB, we performed S1 nuclease protection analysis, using a 5¢ end-labelled probe (probe cwgB; Fig. 4 ). This probe carried a non-homologous tail (indicated by the wavy line in Fig. 4 ) to allow probe-probe reannealing artifacts to be distinguished from readthrough transcription. This analysis (Fig. 5E ) failed to detect a promoter in the intergenic region between cwgA and cwgB, but showed that there was strong readthrough transcription into cwgB that originated upstream of the 3¢ end of the probe, which was internal to cwgA (Fig. 4) . Therefore, it is likely that transcription of all 12 genes in the cwg operon is driven from cwgAp.
Mg 2+ affects vancomycin induction of the cwg operon
Given that cwgAp was a s E target, and that the sigE promoter was induced by vancomycin (Figs 2A and 3A) , it followed that cwgAp should also be induced by vancomycin in a sigE-dependent manner. Previously, we showed that transcription of sigE and, therefore, s E activity are strongly affected by the levels of Mg 2+ in the medium, probably through interaction of this divalent cation with the cell envelope (Paget et al., 1999a, b) . sigE transcription and s E activity are substantially higher in low-Mg 2+ medium than in high-Mg 2+ medium (Paget et al., 1999a, b) . We therefore examined the influence of Mg 2+ concentration on vancomycin induction of the s E target promoter cwgAp. In low-Mg 2+ medium, cwgAp was induced by vancomycin in a sigE-dependent manner. The level of the cwgAp transcript in M600 increased approximately fivefold after 30 min exposure to vancomycin, before falling back towards uninduced levels by 90 min (Fig. 6) . In contrast, the transcript was undetectable in the sigE null mutant, both before and after exposure to vancomycin (Fig. 6) . In factor. However, this discovery was relatively uninformative because the physiological function of s HrdD is unknown (hrdD null mutants have no apparent phenotype; Buttner et al., 1990; Buttner and Lewis, 1992) . To identify further s E -dependent promoters, computer-searching methods were used to identify sequences in the S. coelicolor genome that closely resemble the hrdDp1 promoter (GCAAC -17 bp -CGTCT; Fig. 5A ). An initial search identified a perfect match lying upstream from 12 genes likely to form an operon (CDS 15-16 on cosmid high-Mg 2+ medium, the level of the cwgAp transcript was also induced by vancomycin; unexpectedly, however, there was substantial cwg transcription in the sigE null mutant, and this sigE-independent activity was also induced by vancomycin. Thus, it is clear that s E and at least one other s factor contribute to transcription from cwgAp in vivo, and that the relative contributions of these activities depend on physiological conditions. We showed previously that the sigE promoter was upregulated in low-Mg 2+ medium (Paget et al., 1999b) . To see whether sigEp remained inducible by vancomycin in Mg 2+ -limited cultures, we used the same time courses of RNA samples that were used to examine the response of cwgAp to vancomycin (Fig. 6) . Consistent with previous results (Paget et al., 1999b) , the basal level of sigE transcription in M600 was substantially higher in low-Mg 2+ medium. However, sigEp remained inducible by vancomycin in both high-and low-Mg 2+ media (Fig. 6) . , sigE mutants form crenellated colonies, sporulate poorly and overproduce the antibiotic actinorhodin. To determine whether some or all these phenotypes could be accounted for by the dependence of cwg transcription on s E , a mutant was constructed in which all 12 genes of the cwg operon were replaced by a hygromycin resistance gene (hyg), as described in Experimental procedures. The resulting cwg mutant, J2171, did not show any of the phenotypes associated with sigE mutants (although the muropeptide profile of J2171 was not examined). Indeed, deletion of the cwg operon had no obvious phenotypic consequences. Therefore, the dependence of cwg transcription on s E does not account for the known sigE phenotypes.
Discussion
A model for the function of the sigE signal transduction system
Based on the work presented here, and on previous data (Paget et al., 1999a, b) , we propose a model for the regulation and function of the s E signal transduction system, summarized in Fig. 7 . Expression of the gene encoding s E (sigE) is regulated at the level of transcription by the CseB/CseC two-component signal transduction system. In response to signals that originate in the cell envelope when it is under stress, the sensor kinase, Fig. 4 . Genetic organization of the cwg operon of S. coelicolor, probes used for S1 nuclease mapping and construction of a Dcwg::hyg null mutant. The cwg ORFs are represented by shaded arrows, and the likely enzymatic functions of their products, based on homology, are indicated. The cwgA promoter is marked by the arrow on the restriction map. The probes used for S1 nuclease protection analysis are shown with the labelled 5¢ ends indicated by asterisks. Probe cwgB has a non-homologous tail, indicated by a wavy line, to allow probe-probe reannealing artifacts to be distinguished from readthrough transcription. The Dcwg::hyg null mutant, J2171, was constructed by replacing the cwg operon with the hyg cassette as described in Experimental procedures, and the chromosomal structure of the mutant was confirmed by Southern hybridization analysis of BamHI-digested chromosomal DNA. The extent of the DNA deleted in J2171 is indicated.
CseC, becomes autophosphorylated at His-271 and, in accordance with the known mechanism for other twocomponent regulatory systems, this phosphate is then transferred to Asp-55 in the response regulator, CseB. Phospho-CseB activates the promoter of the sigE operon, and s E is recruited by core RNA polymerase to transcribe genes with cell envelope-related functions, including a putative operon of 12 genes (the cwg operon) likely to specify the biosynthesis of a cell wall glycan.
In B. subtilis, cell wall-specific antibiotics induce expression of the s W regulon (M. Cao, T. Wang, R. Ye, and J. D. helmann, personal communication). However, in contrast to the s E pathway in S. coelicolor, this signal transduction pathway does not involve a two-component system. Instead, the activity of s w appears to be controlled directly by a membrane-localized anti-s factor, RsiW, which is required for sensing damage to the cell wall (M. Cao, T. Wang, R. Ye, and J. D. Helmann, personal communication).
What is the signal sensed by CseC?
The pathway of cell wall biosynthesis in Gram-positive bacteria involves enzymatic steps both inside and outside the cell (for a review of bacterial peptidoglycan biosynthesis, see Bugg, 1999) . Disaccharide units with pendant pentapeptides are assembled on the cytoplasmic face of the membrane, attached to an undecaprenyl phosphate anchor in the membrane. The orientation of this intermediate is somehow flipped across the membrane, still attached to the phospholipid anchor, and the cell wall is (Kang et al., 1997; Paget et al., 1999a) . B. Nucleotide sequence of the cwgA promoter region showing the cwgA transcription start point (arrow), the putative -10 and -35 sequences (underlined) and the cwgA start codon (boxed). C. High-resolution S1 nuclease mapping of the 5¢ end of the cwgA transcript using a PCR-generated probe (cwgA probe, Fig. 4) . The most likely transcription start points are indicated by the asterisks. Lanes A, C, G and T represent a dideoxy sequencing ladder generated using the same oligonucleotide that was used to make the S1 nuclease mapping probe. D. In vitro transcription from the cwgA promoter by Es E . Transcripts were generated from templates 1 and 2 (see Experimental procedures) using core RNA polymerase alone or core enzyme plus s E . The expected sizes of the run-off transcripts from the cwgA promoter were 190 nucleotides (template 1) and 240 nucleotides (template 2). The size standards were a heat-denatured, 32 P-labelled HpaII digest of pBR322. E. S1 nuclease protection analysis of the cwgA-cwgB intergenic region, showing the undigested probe (left lane) and the RNAprotected product (right lane). The probe carried a non-homologous tail to allow probe-probe reannealing artifacts to be distinguished from readthrough transcription. No evidence for a promoter in the intergenic region between cwgA and cwgB can be detected, but there is strong readthrough transcription originating upstream of the 3¢ end of the probe, which is internal to cwgA.
constructed from this intermediate in two main extracellular steps. First, the disaccharide units are polymerized by a transglycosylase reaction to form long polysaccharide chains. Secondly, these long polysaccharide chains are cross-linked through their peptide side-chains by a transpeptidation reaction. The transpeptidase recognizes the sequence D-alanyl-D-alanine at the end of the pentapeptide chain, cleaves off the terminal alanine and joins the remainder to a peptide from an adjacent polysaccharide chain. This peptide cross-linking provides the structural rigidity of mature peptidoglycan required for the maintenance of cell shape and the prevention of cell lysis. Finally, the polymerized peptidoglycan is released from the undecaprenyl pyrophosphate membrane anchor, which is hydrolysed to undecaprenyl phosphate and recycled back onto the inner face of the membrane for coupling to UDPMurNAc-pentapeptide.
The results of the sigEp-neo bioassay show that the CseB/CseC two-component signal transduction system is activated by a range of antibiotics with different structures and varied targets in the cell envelope. For example, the glycopeptide inducers, vancomycin, teicoplanin, chloroeremomycin and ristocetin, which are closely related structurally, act by binding to the -D-alanyl-D-alanine (-Dala-D-ala) termini of the pentapeptide, thereby blocking both transpeptidation and transglycosylation (Barna and Williams, 1984) . Moenomycin A, a phosphoglycolipid, directly inhibits the transglycosylase (van Heijenoort et al., 1987) . Bacitracin, a peptide inducer structurally unrelated to the glycopeptides, forms a tight 1:1 complex with undecaprenyl pyrophosphate, preventing the recycling of the phospholipid carrier (Stone and Strominger, 1971; Storm and Strominger, 1973) . Ramoplanin, a cyclic depsipeptide, inhibits translocase II on the cytoplasmic face of the membrane, leading to the accumulation of lipid intermediate I (undecaprenyl pyrophosphate-bound MurNAcpentapeptide) (Somner and Reynolds, 1990) . Most strikingly, the cell wall hydrolytic enzyme lysozyme also acts as an inducer of the CseB/CseC signal transduction system. Lysozyme is a muramidase that hydrolyses the b1-4 linkage between adjacent N-acetylmuramic acid and N-acetylglucosamine units in the glycan backbone of peptidoglycan.
It seems clear that the membrane-localized sensor kinase, CseC, cannot be interacting directly with each of the diverse range of inducers identified in the bioassay. Rather, these results suggest that CseC might be activated by an intermediate in peptidoglycan biosynthesis or degradation that accumulates as a consequence of the activities of the inducers. Alternatively, it is conceivable that CseC is not activated by binding a ligand but, instead, senses changes in some physical characteristic of the cell envelope. An example of this type of regulation is found in E. coli, in which a two-component system activates expression of the Kdp K + transporter in response to low turgor pressure. Transcription of the kdpABC operon, encoding the three subunits of the K + transporter, is controlled by a response regulator, KdpE, and a sensor kinase, KdpD, which is localized to the inner membrane and has four predicted transmembrane helices. It has been proposed that KdpD senses a decrease in turgor pressure directly through its transmembrane helices, leading to a conformational change that causes activation of its cytoplasmic kinase domain, phosphorylation of KdpE and transcription of the kdpABC operon (Walderhaug et al., 1992; Sugiura et al., 1994) .
Whatever the molecular basis of the activation of the CseB/CseC signal transduction system, it is clear that the sigEp-neo bioassay detects structurally unrelated antibiotics with varied targets in the cell envelope. The sigE system may therefore have commercial potential to Fig. 6 . S1 nuclease protection analysis of the sigE and cwgA transcripts in S. coelicolor M600 (wt) and J2130 (DsigE) grown in the presence of either high (2 mM) or low (100 mM) Mg 2+ , after induction with vancomycin. Strains were grown to mid-late exponential phase in NMMP liquid medium containing either 100 mM MgCl 2 or 2 mM MgCl 2 and exposed to 10 mg ml -1 vancomycin. RNA was extracted from samples taken immediately before the addition of vancomycin and at subsequent 30 min intervals. The two sigEp panels are from the same autoradiograph and are therefore directly comparable, as are the two cwgAp panels. S1 nuclease protection assays were carried out as described in Experimental procedures. Relative signal strengths were quantified on a phosphorimager; each signal is expressed as a percentage of the strongest signal.
provide a broad-range, generic screen for cell envelopespecific antibiotics. In vancomycin-resistant clinical isolates of Enterococcus faecium and Enterococcus faecalis, the VanR/VanS two-component system mediates activation of the vancomycin resistance genes in response to vancomycin, and screens for cell envelope-specific antibiotics have been established by coupling a promoter under the control of VanR/VanS to suitable reporter genes (Lai and Kirsch, 1996; Grissom-Arnold et al., 1997) . However, the range of compounds that act as inducers in the enterococcal reporter systems is narrower than that identified using the sigEp-neo bioassay in S. coelicolor.
It is important to note that, even in the absence of specific induction, the sigE gene is still transcribed at a significant basal level under all the growth conditions so far tested. This implies that CseC may respond to changes in cell envelope metabolism that occur during 'normal' growth, which are amplified by the effects of antibiotics and enzymes that target the cell envelope. Thus, the CseB/ CseC signal transduction system is very likely to play a role in cell envelope homeostasis in the absence of exogenous agents that interfere with the integrity of the cell wall.
Vancomycin resistance in S. coelicolor
An unexpected observation made in establishing the bioassay was that vancomycin did not cause a zone of killing; instead, the halo of mycelium grew right up to the edge of the antibiotic disk ( Fig. 2A) . Further experiments established that S. coelicolor is highly resistant to vancomycin, that this resistance is inducible and that it is associated with the sigE-independent transcriptional activation of a resistance gene cluster in the S. coelicolor chromosome (H.-J. Hong, unpublished). By analogy with homologous gene clusters in pathogenic enterococci and glycopeptide-producing actinomycetes (Healy et al., 2000) , the vancomycin resistance system of S. coelicolor acts to reprogramme peptidoglycan biosynthesis such that cell wall precursors terminate in -D-alanyl-D-lactate (-D-ala-D-lac), rather than in -D-ala-D-ala. The affinity of vancomycin for precursors terminating -D-ala-D-lac is ª 1000-fold lower than its affinity for precursors terminating -D-ala-D-ala, rendering the modified bacteria resistant. This may provide at least a partial explanation for the transient nature of vancomycin-induced transcription from sigEp ( Figs 3A and B and 6) . Activation of the inducible vancomycin resistance gene cluster causes the progressive replacement of -D-ala-D-ala with -D-ala-D-lac, leading to vancomycin insensitivity. As a consequence, vancomycin eventually fails to cause the accumulation of the intermediate in peptidoglycan biosynthesis or degradation that we propose acts as the direct molecular inducer of the sensor kinase, CseC. (sigE ) is regulated at the level of transcription by the CseB/CseC two-component signal transduction system. In response to signals that originate in the cell envelope when it is under stress, the sensor kinase, CseC, becomes autophosphorylated at His-271 and, in accordance with the known mechanism for other two-component regulatory systems, this phosphate is then transferred to Asp-55 in the response regulator, CseB. Phospho-CseB activates the promoter of the sigE operon, and s E is recruited by core RNA polymerase to transcribe genes with cell envelope-related functions, including a putative operon of 12 genes (the cwg operon) likely to specify the biosynthesis of a cell wall glycan.
sigE-independent transcription of the cwg operon in high-Mg 2+ medium
In low-Mg 2+ medium, the cwgA promoter was completely dependent on sigE (Fig. 6) . However, in high-Mg 2+ medium, cwgAp was transcribed at a reduced level in the absence of sigE, apparently from the same transcription start point (Fig. 6 ). Although the s factor responsible for this sigE-independent activity has not been identified, it is very likely to be another member of the ECF subfamily, like s E . The promoter sequences recognised by ECF s factors are related (Lonetto et al., 1994; Huang et al., 1998; Paget et al., 1999a; Helmann, 2002) , and in vivo overlapping promoter specificity between different ECF s factors in the same bacterium is now well established. In B. subtilis, the promoter specificity of s X and s W overlaps, with some genes belonging to one or the other regulon and other genes belonging to both (Huang et al., 1998; Qiu and Helmann, 2001; Helmann, 2002) . In this case, single nucleotide changes in the -10 region appear to determine whether a given promoter is recognized by s X , s W or both (Huang et al., 1998; Qiu and Helmann, 2001) . In S. coelicolor, s R activates the transcription of a regulon of genes in response to disulphide stress (Paget et al., 2001) . Of the 30 s R target promoters known, at least 13 retained some activity in a sigR null mutant (Paget et al., 2001) . Furthermore, this s R -independent transcription was constitutive for some promoters but stimulated by disulphide stress (but with delayed kinetics) for others, implying that it represented more than one additional ECF s factor (Paget et al., 2001) . Thus, in organisms such as B. subtilis and S. coelicolor, which have seven (Kunst et al., 1997) and 51 (http://www.sanger.ac.uk/Projects/ S_coelicolor/) ECF s factors, respectively, it will very often be necessary to qualify any statement concerning the dependence of a given target promoter on a given ECF s factor by specifying physiological conditions.
Recognition of a single promoter by multiple holoenzyme forms provides a very attractive mechanism for integrating different signal transduction pathways at single promoter elements. In the case of the cwg promoter, it is clear that the sigE-independent cwgAp-transcribing activity is also induced by vancomycin, but only in the presence of high Mg
2+
. It seems very likely, therefore, that this second signal transduction pathway also responds to signals arising in the cell envelope, and that these signals are again modulated by the interaction of divalent cations with the envelope. Counting the induction system that mediates transcription of the vancomycin resistance gene cluster (H.-J. Hong, unpublished; see above), there must therefore be at least three separate signal transduction systems that respond to the action of glycopeptide antibiotics in S. coelicolor. To clarify these signal transduction pathways further, we intend to use DNA microarray technology to examine the totality of vancomycin-induced gene expression in wild-type S. coelicolor and a variety of regulatory mutants.
Experimental procedures
Strains, plasmids, media, growth conditions and conjugal plasmid transfer from E. coli to Streptomyces spp.
Bacterial strains and plasmids used in this study are described in Table 1 . Except where described below, media and culture conditions were as given previously (Kieser et al., 2000) . To bypass the methyl-specific restriction system of S. coelicolor, pIJ6881 was introduced by transformation into the dam dcm hsdS E. coli strain ET12567 containing the driver plasmid pUZ8002. Conjugal transfer of unmethylated plasmids between E. coli ET12567 and S. coelicolor was carried out essentially as described by Kieser et al. (2000) . All PCR products were initially cloned into the vector pGEM-T (Promega) before restriction digestion.
Construction of a sigEp::neo reporter fusion system
A 0.75 kb PvuII-SmaI fragment that contained the sigE promoter (sigEp) region was isolated as a BglII fragment from pIJ5953 (Paget et al., 1999b) and cloned into the BamHI site of the multicopy promoter-probe plasmid pIJ486 (Ward et al., 1986) , such that expression of the vector aminoglycoside phosphotransferase gene (neo), which confers resistance to both neomycin and kanamycin, depended on sigEp. The resulting plasmid was designated pIJ6880.
Bioassay for inducers of the sigE signal transduction system
Bioassay experiments were performed on agar minimal medium (MM; Kieser et al., 2000) supplemented with 0.6% (w/v) Difco casamino acids, 0.75% (v/v) tiger milk (Kieser et al., 2000) , 0.5% (w/v) glucose and 100 mg ml -1 kanamycin. Approximately 10 7 spores of S. coelicolor M600 carrying pIJ6880 were spread on each 144 cm 2 square plate, and potential inducers carried on 6 mm paper disks were applied to the freshly spread plates. Plates were scored after incubation at 30∞C for 4 days. Lysozyme was tested as an inducer by spotting 5 ml samples of a twofold dilution series (from 1 mg ml -1 ) in 10 mM Tris-HCl (pH 8) onto the freshly spread plates. Moenomycin A, ramoplanin and chloroeremomycin were kind gifts from P. Welzel, S. Donadio and D. Williams respectively. Other antibiotics and preformed antibiotic test disks were purchased from Sigma and Oxoid, respectively, and 6 mm paper discs were purchased from Whatman.
RNA preparation
For RNA preparation, spores of S. coelicolor strains (equivalent to an initial OD 450 ª 0.025 in the final NMMP culture) were germinated by heat shock treatment in 5 ml of TES buffer (0.05 M, pH 8) at 50∞C for 10 min, then diluted with an equal volume of double-strength germination medium [1% (w/v) Difco yeast extract, 1% (w/v) Difco casamino acids, 0.01 M CaCl 2 ] and incubated with shaking at 37∞C for 2-3 h (Kieser et al., 2000) . Germinated spores were inoculated into NMMP (Kieser et al., 2000) containing either 2 mM or 100 mM MgCl 2 and grown to an OD 450 of 0.3-0.6 (10-12 h) at 30∞C. After treatment with a subinhibitory concentration (10 mg ml -1 ) of vancomycin, up to 10 ml of culture was centrifuged for 1 min at 4000 g, and the pellet was resuspended in 1 ml of ice-cold Kirby mix (Kieser et al., 2000) , then transferred to a 2 ml centrifuge tube. The mycelial suspension was sonicated twice for 4-5 s each, then extracted with 0.8 ml of phenol-chloroform (pH 8.0) by vortex mixing for 2 min. Samples were re-extracted with phenol-chloroform (pH 8.0), and nucleic acids were precipitated at -20∞C for 30 min using 0.3 M sodium acetate (pH 6.0) and an equal volume of isopropanol. After centrifugation, the pellet was washed with 70% ethanol, then redissolved in DNase I buffer (Kieser et al., 2000) . Samples were treated with 5 units of DNase I for 30 min, then extracted with phenol-chloroform (pH 8.0) and precipitated as described above. Pellets were dissolved in RNase-free distilled water and stored at -80∞C. This procedure typically yielded ª 0.5 mg of RNA.
S1 nuclease protection assays
For all assays, 30 mg of RNA and 25 pmol of labelled probe were dissolved in 20 ml of NaTCA buffer and hybridized at 45∞C for 4-18 h after denaturation at 65∞C for 15 min. The sigE promoter was mapped using a 0.4 kb 5¢ end-labelled probe generated by PCR from pIJ5950 as described previously (Paget et al., 1999b) . The cwgA promoter was mapped using a 0.43 kb probe generated by PCR from M600 chromosomal DNA using a 5¢ end-labelled primer internal to cwgA (cwgApII; 5¢-GCTTCGCCTGCGTGCACCGCG-3¢) and an unlabelled upstream primer (cwgApI; 5¢-GAAGGTCAGCGC GATGCACTTGG-3¢). For high-resolution mapping of the 5¢ end of the cwgA transcript, sequencing ladders were generated with the Taq Track kit (Promega), pIJ6885 as a template DNA and the same oligonucleotide primer that was used to generate the S1 nuclease mapping probe. To examine cwgB transcription, a 0.56 kb probe was generated by PCR from pIJ6886 using a 5¢ end-labelled primer internal to the cwgB gene (cwgBpII; 5¢-ACCGCTCTTCCTCGGCGGCCGCAA-3¢) and an unlabelled reverse primer internal to the vector. This generated a probe carrying a 125 bp non-homologous tail on the non-radioactive end that allowed probe-probe reannealing artifacts to be distinguished from readthrough transcription.
Purification of s
E and in vitro transcription assays s E was overexpressed and purified to homogeneity as described previously (Paget et al., 1999a) . Run-off transcription assays were performed using [a-32 P]-CTP (New England Nuclear) at 600 Ci mmol -1 as described by Buttner et al. (1987) . Transcription from the cwgA promoter region was assayed using two PCR-derived templates of 0.43 kb (template 1) and 0.48 kb (template 2). PCR template 1 was generated using the same oligonucleotide primers (cwgApI, cwgApII) that were used to generate S1 nuclease mapping probe, and template 2 was generated using cwgApI as a forward primer and cwgAII-1 (5¢-CACAGGTGGGATCCCAC GAAT-3¢) as a reverse primer. Reaction mixtures contained 1.25 pmol of E. coli core RNA polymerase (Epicentre Technologies) and 6 pmol of s E . Transcripts were analysed on a 6% polyacrylamide-7 M urea gel using a heatdenatured, 32 P-labelled HpaII digest of pBR322 as size standards.
Construction of a cwg operon null mutant of S. coelicolor
A cwg operon null mutant derivative of J1915, a plasmid-free, glkA mutant (DglkA119) derivative of wild-type S. coelicolor, was constructed by replacing the whole cwg operon with a hygromycin resistance cassette (hyg) according to the method of Buttner et al. (1990) . A 1 kb upstream interval was amplified from M600 chromosomal DNA by PCR using a primer complementary to a sequence 1 kb upstream from the cwg operon that incorporated a HindIII site (cwgFI; 5¢-GCCAAGCTTCGTAGGCACAACTCAGCGGTA-3¢) and a primer complementary to the start of the cwg operon that incorporated a BamHI site (cwgFII; 5¢-GCCGGATCCTCG GTCACGGGCTTCTCCTCA-3¢). The isolated HindIII-BamHI fragment was cloned into pIJ6650 (Kieser et al., 2000) digested with the same enzymes to create pIJ6887. A 1.7 kb BamHI-BglII hyg cassette (Zalacaín et al., 1986) was isolated from pIJ963 and cloned into BamHI-digested pIJ6887 to create pIJ6888. A 1 kb downstream interval was amplified using a primer complementary to the end of the cwg operon that incorporated a BglII site (cwgBI; 5¢-CGGA GATCTCGACGGCCCGCAGCTACA-3¢) and a primer complementary to a sequence 1 kb downstream from cwg operon that incorporated an EcoRV site (cwgBII; 5¢-CGGGATATCC TGGTGACCGGCTGGTTCAGCTT-3¢). The isolated 1 kb BglII-EcoRV fragment was cloned into BglII-EcoRV-cut pIJ6888, and the resulting plasmid, pIJ6881, containing the hyg cassette flanked by 1 kb intervals of DNA coming from immediately upstream and downstream of the cwg operon, was introduced into S. coelicolor J1915 by conjugation from E. coli. Representative first cross-over recombinants were subcultured on non-selective media for four rounds, and isolates from which the delivery plasmid had been lost were selected on MM containing 100 mM 2-deoxyglucose and 10 mg ml -1 hygromycin. Colonies resistant to both 2-deoxyglucose and hygromycin and sensitive to aparamycin were identified by replica plating, and the chromosomal structures of six Dcwg::hyg mutants were confirmed by Southern hybridization of BamHI-digested chromosomal DNA. A representative Dcwg::hyg null mutant was designated J2171.
